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Abstract 
The Colorado Geological Survey (CGS) has been using ArcGIS in combination with Flow-R to prepare county-wide debris-flow 
susceptibility maps for 43 counties in 13 priority areas comprising the mountainous portions of the state. Limited personnel, site 
access, and limited records of recent events constrain the CGS’s ability to calibrate models based on historical data or field 
observations. In response to these limitations, the CGS has developed methods to parameterize county-wide debris-flow source 
area and inundation area models in characteristic regions using recently available high-resolution (e.g., 1 m) digital elevation data. 
Method development has been continually evolving. The current process relies on an analyst who selects a subset of drainages of 
various sizes from unique regions within each county and manually identifies potential debris-flow source and deposition areas 
based on the digital terrain data or, if available, historical aerial imagery. The analyst records characteristics of identified source 
areas and initiates a series of test runs using a range of potential inundation area model parameters. The analyst visually interprets 
the source-area characteristics and inundation area model results and selects a single set of parameters to apply to similar drainages 
across the county. This paper presents current parameterization methods and discusses anticipated future improvements. 
Keywords: Debris Flow; Model; Parameterization. 
1. Introduction
An extreme rainfall event in September 2013 caused severe flooding and triggered over 1,000 debris flows the in
the Front Range of the Rocky Mountains in Colorado (Morgan et al., 2013b, 2013a; Coe et al., 2014; Godt et al., 2014; 
Anderson et al., 2015). Combined impacts from debris flows and water flooding included eight fatalities and extensive 
damage to roads and residences (Coe et al., 2014). In response to this event, the Colorado General Assembly passed 
Senate Bill 15-245 (Grantham and Young, 2015), which established funding for natural hazards mapping (updated 
flood plain maps, fluvial erosion zone maps, and debris-flow maps). The bill included the following tasks: (1) convene 
an interagency panel chaired by the Colorado Geological Survey (CGS) to establish priority areas and develop debris-
flow mapping methodology; (2) conduct pilot projects to develop debris-flow susceptibility maps for the two highest-
ranked priority areas (5 counties), and (3) develop a five-year implementation and funding plan to map the remainder 
of the priority areas. The maps are intended for use by planners and regulators to support review of site-specific 
geologic hazard reports submitted for development purposes as required by law, and by professional geologists 
planning detailed site-specific geologic hazard studies. 
The CGS established 13 priority areas comprising 43 counties in the mountainous portions of the state (Fig. 1). 
Priority Areas 1 and 2 consist the three counties directly impacted by the September 2013 event and three additional 
counties along the Front Range Urban Corridor with either relatively high population density or high development 
pressure along the range front or in mountain valleys. Priority Areas 3 and 4 comprise counties along Interstate 70, an 
important transportation corridor. The remaining areas were prioritized by the CGS based on a combination of 
anticipated development pressures and availability of lidar data or plans for future lidar data collection. Due to the 
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large geographic area (~183,000 km2), relatively short time frame (5 years), and desire for an objective process, the 
CGS chose a model-based mapping approach. The CGS selected Flow-R (Horton et al., 2013) because of its capability 
to produce regional-scale maps with relatively few input parameters and because of its successful application in other 
regions (e.g., Horton et al., 2011; Kappes et al., 2011; Fischer et al., 2012; Blais-Stevens and Behnia, 2016). For each 
county in Priority Area 1, model parameters were selected based on literature values (e.g., Horton et al., 2011; 
Jaboyedoff et al., 2011; Kappes et al., 2011; Michoud et al., 2012; Horton et al., 2013) and a single county-wide model 
was run. Parameters were not specifically calibrated to the local conditions; however, a CGS geologist with experience 
mapping debris-flow hazard areas in Colorado compared the model results to recent observations (Morgan et al., 
2013b, 2013a; Coe et al., 2014; Godt et al., 2014) and manually revised the computer-generated outputs in a tedious 
and time-consuming process. The resulting maps were published as CGS Open-File Reports (Morgan et al., 2014; 
Wait et al., 2015) and the GIS polygons were made publicly available through the Colorado Hazard Mapping 
(CHAMP) web portal (coloradohazardmapping.com). For each of the first three pilot counties in Priority Area 2 
(McCoy et al., 2018a, 2018b, 2018c), the CGS tested a small range of model parameters prior to running a single 
county-wide model, in an attempt to calibrate the model to local conditions and reduce the manual revision effort. 
However the computer-generated outputs were only slightly improved and significant manual revision based on 
records of recent events was again required to create a satisfactory map. Ongoing work described in this paper seeks 
to further improve the process to facilitate modeling in areas with minimal historical record and eventually eliminate 
the manual revision step. 
Fig. 1. The colored polygons illustrate the 13 debris-flow susceptibility mapping priority areas as delineated by the CGS; these priority areas 
comprise 43 counties (black outlines). Diagonal hachures show where debris-flow susceptibility maps have been published. Horizontal hachures 
show where debris-flow susceptibility mapping is in progress. Purple dots show debris-flow initiation points from the CGS debris-flow inventory. 
The green polygon outlines the study area discussed in this paper. 
Fig. 1 shows points representing debris-flow source areas from a preliminary inventory of recorded debris-flow 
initiation locations and/or travel paths compiled by the CGS from previous CGS studies (Morgan et al., 2013a, 2013b), 
data provided by the United States Geological Survey (USGS) (from Coe et al., 2014; Godt et al., 2014), published 
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literature (Godt and Coe, 2007), and limited aerial image analysis recently performed by the CGS. Much of the 
currently available inventory occurs in Priority Areas 1 and 2, where debris-flow susceptibility maps have already 
been published by the CGS and geologic variability is relatively limited. Diverse geologic conditions and lack of 
historic records of initiation or transport conditions in most of the remaining priority areas create challenges for 
evaluating model calibration. Limited personnel and limited access to private land or remote areas impose further 
constraints. In response to these limitations, the CGS has developed methods to parameterize county-wide debris-flow 
source area and inundation area models in characteristic regions using recently available high-resolution (e.g., 1-m) 
digital elevation data. Method development has been continually evolving. This paper discusses current 
parameterization methods and goals for future improvements. 
2. Methods
2.1. Overview 
Methodology consists of (1) data preparation, visual interpretation of high-resolution terrain data, and selection of 
a subset of drainages for model parameterization; (2) parameterization and modeling of source areas in ArcGIS for 
each subset; (3) parameterization and modeling of transport and using Flow-R; (4) modeling source and inundation 
areas using the selected parameters, for each unique region in the county, and (5) visual review and any necessary 
manual editing of the outputs to produce the final susceptibility polygons. The following sections discuss each of these 
steps with examples from the study area shown on Fig. 1. The study area overlaps with the study area of Godt and Coe 
(2007). As a test of this methodology, the source area and inundation area models calibrated using this methodology 
were compared to the inventory of debris-flow source, transport, and deposition areas from Godt and Coe (2007). 
2.2. Data Preparation and Visual Interpretation 
The CGS has access to nominal 1-m horizontal resolution lidar data for Priority Areas 1, 2, 3, and 4, and portions 
of other priority areas in the state. This data was collected through various collaborative efforts with funding from the 
Colorado Geological Survey, the Colorado Water Conservation Board (CWCB), the USGS, and other state and federal 
agencies. The first step in the mapping process is to prepare GIS derivatives from the lidar-based digital elevation 
model (DEM). The raw DEM is used to prepare visualization aids. A downgraded DEM (typically 3- or 5-m resolution) 
is created from the lidar DEM for modeling to reduce noise in the data and improve computing performance (see 
discussions by Horton et al., 2013; Baum, 2017). Table 1 lists key GIS derivatives produced from the raw and 
downgraded DEMs and their respective uses. Most derivatives are prepared using ArcGIS geoprocessing tools, but 
some (e.g. Topographic Wetness Index, D-Infinity slope) are prepared using TauDEM Version 5 
(http://hydrology.usu.edu/taudem/taudem5). Visual interpretation primarily relies on a classified slope map (based on 
values from VanDine, 1996; and Horton et al., 2013) and a classified synthetic stream network (based on values from 
Wilford et al., 2004) as shown in Fig. 2a, and 1-m interval elevation contours (not shown). 
Table 1. List of key GIS derivatives created from lidar DEM. 
Purpose Lidar DEM (1 m typical) Downgraded DEM (3 or 5 m typical) 
Visual Interpretation Multidirectional hillshade 
Slope map 
1-m interval contour lines 
Topographic Wetness Index (TWI) 
Plan curvature 
Distributed Melton ratio 
Distributed length to drainage divide 
Synthetic stream network 
Source and Inundation Modeling None DEM 
Slope 
Plan curvature 
Topographic Wetness Index 
Flow accumulation 
McCoy / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 
After the derivatives are prepared, an analyst (i.e. a CGS geologist or hazard analyst) visually examines the DEM 
derivatives and other digital data (e.g. digitized geologic maps, land use maps, climate maps, and/or aerial imagery) 
to identify potential debris-flow prone areas (i.e. fans, cones, alluvial wedges and/or steep, narrow gullies). During 
this process, the analyst selects regions with similar geology, regional elevation, fan size and slope, drainage size and 
slope, and/or synthetic stream network classification. For each region, the analyst selects a subset of drainages for 
parameterization and creates GIS points representing initiation (starts), onset of deposition (fan heads), and end of 
process (ends). Initiation points are typically placed where evidence of landslides or gully erosion is visible in the 1 m 
terrain data. Onset of deposition is typically assumed at fan heads; where evidence of fan incision is clearly visible, 
the “fan head” point is moved to the lower end of the incised portion of the fan. This is typically a judgement call by 
the analyst as the CGS has not defined a fan incision threshold. End points are typically placed where fan or cone 
angles decrease to less than 4 degrees, based on the description of composite fans by Lancaster et al. (2012), unless 
other evidence is available (e.g. records of previous events, knowledge of unique local conditions, clear fan edge 
visible with 1-m contours). Fig. 2b shows some interpreted start, fan head, and end points from the study area. 
Fig. 2. (a) classified slope map (based on values from VanDine, 1996; and Lancaster et al., 2012) and classified synthetic stream network 
(streams defined by contributing area >= 0.01 km2, classification based on values from Wilford et al., 2004) on 1 m hillshade; (b) subset of Start, 
Fan Head, and End points selected by visual analysis for parameterizing source area and inundation area models. 
2.3. Parameterization and Modeling of Debris-Flow Source Areas 
Source areas, defined by steep (typically > 15°) channels and gullies, and/or colluvial hollows on steep (typically 
> 24°) slopes, where debris-flow generating landslides, erosion, and transport may occur, are identified in ArcGIS. In 
general, the process involves classifying individual downgraded DEM derivatives (slope, plan curvature, topographic 
wetness index (TWI) and/or flow accumulation) into sources or non-sources using threshold values and overlaying the 
classified rasters to select the cells that are classified as “sources” in all raster layers. Fig. 3 shows the key derivatives 
typically used in the source area model. Specifically, parameterization involves extracting values from the key 
derivative rasters at each analyst-defined “Start” point, selecting initial threshold values for each raster based on these 
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extracted values, reclassifying each raster into sources and non-sources, iteratively reviewing and revising the 
threshold values until the analyst is satisfied with each classified component raster, and overlaying the final classified 
component rasters. The analyst then performs a manual cleanup step to remove clearly erroneous sources (i.e. on 
manmade objects or large, bare rock outcrops) or to add apparent sources that were missed by the computer model. 
The final source raster is exported from ArcGIS to a format compatible with Flow-R. The CGS performs classification 
and overlay in ArcGIS to facilitate visual evaluation and iterative revision of individual threshold values based on the 
analyst’s judgement. Aside from the ability to perform this review/revision step, the method is conceptually similar 
and produces similar results to the “Source areas” calculation available in the Flow-R software (Horton et al., 2013) 
and an analyst could just as easily use Flow-R for that purpose if they are confident in the applicability of their selected 
threshold values. 
Fig. 3. Downgraded (3 m resolution) DEM derivatives for the debris-flow source area model: (a) D-infinity slope (degrees); (b) Topographic 
Wetness Index (TWI); (c) plan curvature. 
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2.4. Parameterization and Modeling of Debris-Flow Transport and Runout (Inundation Area Model) 
Inundation areas are modeled with Flow-R. The governing equations and fundamental assumptions of the model 
are discussed by (Jaboyedoff et al., 2011; Horton et al., 2011, 2013), detailed discussion of the governing equations is 
beyond the scope of this paper. Guidelines for selecting parameters in areas with records of recent events or where 
site-specific geologic studies have been performed have been provided previously (e.g., Jaboyedoff et al., 2011; Horton 
et al., 2013). This section discusses methods used by the CGS to parameterize the inundation area model in areas with 
little to no records of recent events or site-specific geologic studies. 
Parameterization involves: (1) energy model parameterization - selecting a friction loss function, selecting friction 
model parameters, and deciding whether to apply a velocity limitation; and (2) spreading model parameterization - 
selecting direction and inertial algorithms. For the County-Wide Debris-Flow Susceptibility Mapping Program, the 
goal is to identify a single set of energy and spreading model parameters for each unique analyst-defined region within 
the county. First, a series of energy model runs initiating at the analyst-defined Start points are run with friction 
parameters that vary within a range defined by literature values (e.g., Horton et al., 2011, 2013; Fischer et al., 2012; 
Blais-Stevens and Behnia, 2016) and no spreading (D-8 flow direction). The analyst compares the model results to the 
analyst-defined end points and selects the parameters that best fit the most drainages within the selected region based 
on visual interpretation. The CGS has used both the two-parameter friction model of Perla et al. (1980) and the 
simplified friction-limited model (SFLM) for previous maps. For the example discussed in this paper, the CGS chose 
the SFLM because it has fewer parameters to vary, and as discussed by (Jaboyedoff et al., 2011), it should provide 
similar travel distance to the more precise two-parameter friction model for a given drainage if an appropriate velocity 
limit is applied. For the example discussed in this paper, the CGS applied a velocity limitation of 15 m/s based 
following Horton et al. (2013). 
Once the energy model parameters have been selected, they are held constant and a series of model runs with 
varying spreading parameters is performed. The analyst visually evaluates the results and selects the model that covers 
the most fan area without excessive spreading in source and steep transport areas. If the analyst cannot find an 
acceptable balance of runout and spreading parameters for all drainages in the region, the need for further sub-division 
into additional regions is evaluated and the process is repeated. Once parameters are selected, a single model is run for 
all source areas in each region. The resulting rasters are converted to simplified polygons in ArcGIS. The analyst then 
performs a final cleanup on the polygons to remove holes and adjust boundaries where needed. 
3. Discussion and Goals for Future Improvement
Table 2 presents the selected model parameters. Fig. 4 shows examples of several inundation area runs and the final 
susceptibility polygons and Fig. 5 compares the final model results with debris flows mapped by Godt and Coe (2003 
and 2007). Fig. 4 shows that the model does a fairly good job of identifying the prominent fans and Fig. 5 shows that 
it does a fairly good job predicting occurrence and inundation for the larger flows; however, the model under-estimates 
occurrence high in the drainages, over-estimates occurrence in general, and over-estimates travel distance for smaller 
flows. It’s possible that some of these issues are caused by factors not considered in the Flow-R model (e.g. flow 
volume), or that distinguishing between channelized and open-slope flows is necessary to improve the results. Visual 
observations of the 1-m terrain data that suggest many areas identified by the model may be subject to debris flows 
even though they were not inundated in the mapped event, but additional field studies would be required to resolve 
this uncertainty. Given the goal of identifying areas for more detailed site-specific analysis, over-predictions of travel 
distance relative to a single observed event (where reasonable based on the terrain) may not be of significant concern. 
Table 2. Selected model parameters. 
Source Area Parameters Energy Model Parameters Spreading Model Parameters 
Slope >= 15◦ 
Slope <= 40◦ 
Plan Curvature <= -3 
TWI >= 7.5 
SFLM 
Travel Angle = 10° 
VLim = 15 m/s 
Directions: Holmgren Modified 
         dh = 2.0 
       exp = 4.0 
Inertia: Gamma (2000) 
The process described in this paper was developed to help the CGS apply a model-based approach to the county-
wide debris-flow susceptibility-mapping project when moving outside of the areas covered by the inventory of recent 
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observations. The parameterization process described in this paper has generally improved the mapping process 
compared to the initial methods; however, there is still room for significant improvement. As of March, 2019, the CGS 
has partially completed development of a more objective process that still relies on an analyst to manually identify 
initial source and deposition areas, but enables significantly more model runs and uses a statistically based method of 
selecting the best model fits. It is anticipated that the updated process will improve on the methods described herein. 
Fig. 4. (a) Examples of energy model tests for travel angles of 7 (red), 10 (yellow), and 11 (blue) degrees, respectively with a velocity limitation 
of 15 m/s for each. (b) Analyst-revised inundation area polygons (red outlines) and raw output of the regional inundation area model using the 
final selected parameters. The raw output is provided for illustrative purposes. Typically, only the final polygons are provided. 
Fig. 5. Comparison of combined source and inundation area model results (yellow-red colored) with mapped debris flows (purple polygons) from 
Godt and Coe (2003 and 2007). The model does a fairly good job of predicting flow occurrence and inundation for large flows; however, it 
under-estimates occurrence high in the drainages, over-estimates occurrence in general, and over-estimates travel distance for smaller flows. 
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